Childhood-onset obsessive-compulsive disorder (OCD) affects 1%-2% of children and adolescents. It is characterized by recurrent obsessions and compulsions that create distress and interfere with daily life. The symptoms reported by children are similar to those seen among individuals who develop OCD in adulthood, and the two groups of patients are treated with similar symptom-relieving behavior therapies and medications. However, there are differences in sex ratios, patterns of comorbidity, and the results of neuroimaging studies that might be important. Here we review the diagnosis and treatment of childhood-onset OCD in light of pediatric and adult studies. We also discuss current knowledge of the pathophysiology of the disorder. Despite advances in this area, further research is needed to understand better the etiopathogenesis of the disorder and to develop new, more effective therapeutic options.
Introduction
The Diagnostic and Statistical Manual of Mental Disorders (4th edition) (DSM-IV) defines obsessive-compulsive disorder (OCD) in both adults and children as recurrent obsessions or compulsions that are time consuming or cause marked distress or significant impairment in daily functions (1) . The DSM-IV further states that obsessions are recurrent and intrusive thoughts, ideas, images, or impulses that cause marked anxiety and distress (1) . Common obsessions in children include preoccupations with contamination, harm to self or others, and symmetry, as well as fear that a bad outcome will occur if a ritual is not completed in just the right way (1) . In addition, compulsions are defined as repetitive behaviors or mental acts that prevent or reduce anxiety caused by an obsession (1) . Common compulsions in children include washing, checking, and ordering rituals (1) . These are often repeated a set number of times but also may be tic-like behaviors that are repeated until the person feels "just right." In 1997, Leckman and colleagues used the "just-right" characteristic and other behaviors to identify four phenomenological subtypes of childhood-onset OCD based on the child's symptoms: obsessions and checking; symmetry and ordering; cleanliness and washing; and hoarding (2) . The Yale-Brown obsessive-compulsive scale (Y-BOCS) and the children's Y-BOCS (CY-BOCS) further categorize the symptoms of OCD in adults and children, respectively, by providing a specific measure of the severity of the symptoms that is not influenced by the type of obsessions or compulsions present (3) . This measurement is used to determine baseline symptom severity and response to treatment (3) . The Y-BOCS and CY-BOCS scales are very similar and differ only in the miscellaneous obsessions and compulsions categories, which in the CY-BOCS scale contain the same questions, but broken down into three categories: magical thoughts/superstitious obsessions, excessive game playing/superstitious behavior (i.e., stepping over certain spots on the floor to avoid something bad), and miscellaneous obsessions and compulsions (4) .
The DSM-IV criteria allow the diagnosis of OCD to be made even for patients with poor insight into their condition, i.e., if they do not recognize that their obsessions or compulsions are excessive or unreasonable (1) . This is especially relevant in the diagnosis of childhood-onset OCD, since young children often lack insight into the irrationality of their actions (5) . Further, more than onethird of adults and about 40% of children diagnosed with OCD deny that their compulsions are driven by obsessive thoughts (6, 7) . In 1998, Eisen and colleagues developed the Brown Assessment of Beliefs Scale (BABS), a clinician-administered scale designed to assess, for a range of psychiatric disorders, the insight patients have into their condition and found that 30% of adults with OCD had limited insight (8) . This 30% of adults is thought to constitute a possible subgroup of individuals with adult-onset OCD, defined by a poorer prognosis and resistance to treatment (5) . Findings from a recent study on pediatric OCD suggest that the prognosis of children with poor insight is worse than that of children with good insight (9) . Lack of insight militates against the benefits of cognitive-behavioral therapy (CBT), as the patient is less willing to resist the urge to perform a compulsion (a crucial element of the therapy, as discussed later). Poor insight has also been reported among adults who initially present with OCD but go on to meet criteria for schizophrenia or other psychiatric disorders (10) .
In this Review, we focus on childhood-onset OCD, discussing the characteristics, epidemiology, treatment, and pathophysiology of the disorder. Where knowledge is limited in this population, we draw from studies of patients with adult-onset OCD, which provide potential insight that can be further investigated in the pediatric population. ity disorder (ADHD) and tics that are associated with childhoodonset OCD to depression and anxiety for those that develop OCD during or after puberty (13) . However, the division between childhood- and adult-onset OCD is not clear-cut, and many prepubertal children have a more "adult" presentation. The symptoms can begin abruptly (see Childhood-onset OCD patient presentation) or begin subtly and slowly increase in severity.
Although childhood-onset OCD is generally similar to adultonset OCD (14), as mentioned above there are some important differences in symptom presentation, patterns of comorbidity, and sex distribution. In addition, there appear to be differences in degree of insight and etiopathogenesis. With regard to symptom presentation and comorbidities, children are more likely than adults to have simple tic-like compulsions and to have comorbid tics and ADHD (7, 13) . The relationship between OCD and motor and vocal tics, including Tourette syndrome (TS), is complex. Motor tics often have a premonitory urge similar to that seen with compulsive rituals, while the compulsions of childhood-onset OCD often lack obsessional triggers. Distinguishing between tics and compulsions is particularly difficult when the rituals are simple, repetitive movements such as tapping and touching. Further, comorbidity is common, with nearly two-thirds of children with OCD observed to have comorbid tics (11) and 20%-80% of children with TS reporting obsessive-compulsive symptoms (2) . Studies in children with smaller caudate volumes and tic-related OCD and/or TS have demonstrated more severe symptoms and poorer outcomes with treatment (15) . It is difficult to clearly differentiate the symptoms of OCD and TS, but studies suggest that the compulsions associated with TS may be less severe than those in children with OCD (without comorbid tics) and are more likely to involve symmetry, rubbing, touching, staring, or blinking rituals than washing and cleaning (2) .
Boys are more commonly affected by childhood-onset OCD then girls, and the ratio of occurrence is 2-3:1 (11) . This ratio reverses in those diagnosed with the disorder during or after puberty, with a male-to-female ratio of 1:1.35 (12) . In terms of sex differences, when compared with girls, boys with childhood-onset OCD have a higher rate of comorbid tic disorders (7), a higher frequency of compulsions not preceded by obsessions (16) , and a greater genetic contribution to the disease, as shown in mono- and dizygotic twin studies (17) . Some studies have provided evidence for pathophysiologically distinctive subtypes of OCD that vary according to symptoms that had their onset in childhood versus those that emerge de novo in adulthood (16, 18, 19) . However, the evidence for distinct subtypes is scant, and longitudinal studies are currently being conducted to elucidate further the differences between childhood- and adult-onset OCD.
Early mono- and dizygotic twin studies as well as genetic studies using more recent techniques provide evidence that genes play a role in the manifestation of OCD (20) (21) (22) . Unfortunately, many twin studies are single-case reports or small studies with very few participants, and larger studies are needed to generalize the results (20) . In 2005, van Grootheest and colleagues reviewed the literature and concluded that, in children, obsessive-compulsive symptoms are heritable, with genetic influences in the range of 45%-65% (22) . Results of gene studies have been mixed regarding the contribution to OCD of genes in the serotonergic and dopaminergic systems, since results have not been consistently replicated. However, the recent studies with the glutamate transporter gene SLCL1A1 have been replicated and are intriguing, given our current knowledge of pathophysiology (23, 24) . Despite this recent progress, further research is needed to elucidate the contributions of genetics to both childhood- and adult-onset OCD.
Both adult- and childhood-onset OCD patients commonly have other psychopathologies. In a study of 1,078 adults with OCD in northern California, 75% were found to have one or more comorbid psychiatric diagnosis (25) . Similarly, a study of the National Institutes of Mental Health (NIMH) childhoodonset OCD cohort revealed that only 26% of patients had OCD as a single diagnosis (7) . The most common comorbidities in children are ADHD (34%-51%), major depression (33%-39%), tics (26%), specific developmental disabilities (24%), TS (18%-25%), oppositional defiant disorder (17%-51%), and overanxious disorder (16%) (25) (26) (27) . In the NIMH cohort, rates were also increased relative to a control group for simple phobias (17%), adjustment disorder with depressed mood (13%), oppositional disorder (11%), conduct disorder (7%), separation anxiety disorder (7%), and enuresis/encopresis (4%) (26) .
Epidemiology
Both adult- and childhood-onset OCD were once thought to be a rare condition affecting less than 1 in 1,000 individuals; however, advances in diagnosis and treatment of have led to increased identification of the disorder (28) . The Epidemiological Catchment
Childhood-onset OCD patient presentation
A healthy eight-year-old was brought to the NIMH clinic by his parents for evaluation of an abrupt onset of obsessions and compulsions. The symptoms had started two weeks prior, when he began to refuse to change his clothes, claiming that all the clothes in his closet were dirty, even though his mother had recently done laundry. He was quite upset by the lack of "clean clothes." He also refused to eat that day, claiming that he was not hungry. The rest of the day he spent in his room, which was his normal routine. His parents decided to take him to the pediatrician when the next day he again refused to change clothes or eat anything for fear that his food was contaminated.
A physical exam revealed slight left-sided cervical lymphadenopathy and mild erythema of the oropharynx, which could be an indication of strep throat; however, a rapid strep test was negative. The family history showed a possible genetic influence, with a high rate of neuropsychiatric conditions related to childhood-onset OCD. A maternal aunt and maternal grandmother had been diagnosed with depression, a paternal uncle with TS, and an older brother with an episode of an eye-blink tic that had lasted for 3 months, although this had resolved spontaneously. A diagnosis of childhood-onset OCD was confirmed at the NIH and treatment initiated.
Area (ECA) study was the first large-scale epidemiological study to determine the incidence and prevalence of OCD in the adult population (29) . It included more than 18,500 adults at five sites in the United States (New Haven, Connecticut; Baltimore, Maryland; St. Louis, Missouri; Durham, North Carolina; and Los Angeles, California) (29) . With the use of the Diagnostic Interview Schedule (DIS), a structured interview administered by lay interviewers, lifetime prevalence rates ranging from 1.9% to 3.3% were demonstrated. The ECA study determined that the mean age of onset was 20-25 years, but one-half of the participants reported having initial symptoms in childhood or adolescence (30) . Reported prevalence rates in pediatric patients range from 0.5% to 4.0% (31, 32) . Community studies of children and adolescents demonstrate a lifetime prevalence of 1%-2.3% and a 1-year prevalence rate of 0.7% (1, 33) . On average, the prevalence of OCD in adolescents is reported to be approximately 2% (34) .
The similar prevalence rates of childhood- and adult-onset OCD (1%-2.3% and 1.9%-3.3%, respectively), despite new cases presenting in adults, suggest that childhood-onset OCD may remit as patients enter their adult years (1, 29) . A metaanalysis of 16 study samples that had follow-up times of 1-15.6 years showed that pooled mean persistence rates following diagnosis of OCD in childhood were 41% for full OCD and 60% for full or subthreshold OCD (35) . Three factors found to affect the chance of persistence into adulthood were age of OCD onset, necessity of in-patient care, and duration of disease. One or more comorbid psychiatric illness and poor initial treatment response were also prognostic of symptom persistence.
Treatment

CBT. The optimum treatment for childhood-onset OCD is a combi-
nation of CBT and pharmacotherapy (36) . CBT (specifically, exposure of the patient to the triggers of their obsessions and compulsions with response prevention) is well documented as a successful treatment of childhood-onset OCD (37) . Both intensive (daily) and weekly CBT are effective treatments for childhood-onset OCD (38) . Intensive treatment may have small immediate advantages over weekly CBT, but the methods have similar outcomes after 3 months (38) . Interestingly, studies have shown that group CBT is as effective as individual CBT in children and adolescents with OCD, as long as the family is involved in the treatment approach (39) .
The main objectives of CBT are identifying the triggers of obsessions and compulsions and designing personalized exposure and response prevention (ERP) strategies that can be practiced outside the therapy sessions (37, 40) . In adults with OCD and partial response to treatment with a serotonin reuptake inhibitor, such as clomipramine or various selective serotonin reuptake inhibitors (SSRIs) (discussed below), the addition of ERP is an effective strategy for reducing OCD symptoms (41) . The Pediatric OCD Treatment Study demonstrated that CBT was superior to medications as a sole therapy (36) . Special techniques can help engage children in CBT. For example, in 1998, March and Mulle suggested emphasizing to the child that it is the OCD, not the child, that is the problem (42) . The OCD may also be given a nickname, and the "good guys" (child, parent, and therapist) can fight the "bad guys" (the OCD) (37) . The ultimate goal is to have the child not feel anxiety and not feel compelled to succumb to a compulsive ritual when exposed to the threatening stimulus. In order for this to be successful, the child needs to understand abstract concepts and be willing to experience temporary discomfort for ultimate future relief (43) .
The abstract concepts of CBT can be difficult to communicate to a child, but a study by Freeman and colleagues demonstrated that children (5-8 years old) with early-onset OCD benefit from CBT tailored to their developmental needs (child-friendly examples and terms such as the "worry monster") and family context (family included in treatment) (44) . Young OCD patients with good insight usually benefit from CBT as an initial treatment approach (9) . Using both CBT and pharmacological treatment might be more effective for children with poor insight; however, this is a question that requires further research to answer. Insight may prove useful as a means of triaging to appropriate treatments (9) .
Pharmacotherapies that inhibit reuptake of serotonin. Drugs that inhibit the reuptake of the neurotransmitter serotonin by presynaptic cells and therefore increase the concentration of serotonin in the synapse have been successfully used to treat individuals with childhood-onset OCD for many years. These are currently thought to work by influencing structures in the cortico-striato-thalamocortical circuit (discussed below), especially in the caudate. This circuit is hypothesized to have a role in the regulation of obsessions and compulsions, but the specific details of the role of serotonin in OCD still need to be elucidated. Clomipramine was one of the first serotonin reuptake inhibitors to be used in adults and children with OCD (45-47). However, it does not selectively inhibit serotonin reuptake, as the SSRIs do. The SSRIs, which include fluoxetine, fluvoxamine, sertraline, and paroxetine, have fewer adverse side effects than clomipramine and have been shown in multicenter double-blind placebo-controlled trials to be effective at controlling OCD symptoms in the pediatric population (47) . They are the drugs of choice for treating childhood-onset OCD (48) . If one medication is found to be ineffective after an adequate trial (at least 10-12 weeks at maximum dose), a different SSRI is usually tried next. Only 50%-60% of adult patients respond to the initial SSRI with which they are treated; however, 70%-80% respond to at least one SSRI (49) . Response rates seem to be similar in pediatric patients, although few experience complete symptom relief after treatment with CBT and SSRIs (27, 36) . As yet, no standardized predictors for determining whether a patient with childhood-onset OCD will respond to treatment with an SSRI have been established, but studies have shown a poorer response among children with comorbid ADHD, oppositional defiant disorder, conduct disorder, and tic disorders (50) , as well as those with more severe symptoms of OCD, higher parental stress, and greater functional impairment (51, 52) . For adult patients who do not, or only partially, respond to SSRIs, a combination of an SSRI and a drug that antagonizes dopamine function (e.g., pimozide, haloperidol, and risperidone) has been shown to be beneficial (49) . Investigation into whether a similar strategy will work for children is required. However, clomipramine should be considered for treatment or augmentation of treatment responses in more severe or treatment-resistant cases of childhood-onset OCD, as it seems to be the most efficacious agent overall (47) .
The 2004 Pediatric OCD Treatment Study was the first randomized controlled trial to compare the efficacy of an established SSRI medication (sertraline) with the efficacy of CBT, the combination of CBT and sertraline, and a placebo, in the treatment of childhood-onset OCD (36) . The 12-week trial was conducted at three academic centers in the United States (Duke University, the University of Pennsylvania, and Brown University), with a total of 112 participants (aged 7-17 years) with a primary DSM-IV diagnosis of OCD and a CY-BOCS score of 16 or higher. All three treatments were shown to be substantially more effective at reducing symptoms than placebo. Clinical remission was achieved in 54% of the patients who received combined treatment and in 40% and 21% who received CBT alone and sertraline alone, respectively, in comparison with 3% on placebo. The results of this trial suggest that children and adolescents with OCD should be treated first with CBT alone or with an SSRI and CBT in combination.
As for adults, it is recommended that SSRI treatment of children and adolescents with OCD should start with a low dose that is titrated up slowly over a few weeks to avoid adverse effects. Table 1 shows the current recommended pediatric and adult dosages for anti-obsessional medications. For both adults and children, the most common side effects of these drugs include sedation, nausea, diarrhea, insomnia, anorexia, tremor, and hyperstimulation (53, 54) . Rare side effects include serotonin syndrome, apathy syndrome, extrapyramidal symptoms, and hypomania. In 2004, the FDA determined, based on 24 placebo-controlled trials involving more than 4,400 children and adolescents, that SSRIs may have the potential to increase the risk of suicidal thinking and behavior among pediatric patients (4% in the medication group and 2% in the placebo group) (55) . The FDA therefore applied the "black box" warning universally to all antidepressants, including those that did not yield a single episode of suicidal thinking and behavior, simply because limited statistical power could not exclude the possibility that the absence of such events was due to small sample sizes and limited periods of observations (55) . Even with this caveat, the risk-to-benefit ratio supports the use of SSRIs to treat childhood-onset OCD as well as other anxiety disorders, as the number of children with beneficial effects far outweighs that of children with adverse side effects (56) .
Other pharmacotherapies. Clonazepam is a benzodiazepine with anxiolytic properties. It functions primarily by enhancing the activity of GABA, the principal inhibitory neurotransmitter in the CNS, but it also has serotonergic effects. The exact serotonergic mechanism is not known. Benzodiazepines have a rapid onset of action, whereas SSRIs may require several weeks or more for therapeutic effect. In a double-blind, placebo-controlled study of adults with OCD and comorbid anxiety disorders, benzodiazepines were shown to be efficacious when combined with an SSRI for patients who had a limited response to monotherapy with an SSRI (57, 58) . The benefit in childhood-onset OCD still requires study, but case reports do support its utility (59).
Risperidone and other neuroleptics, many of which have highly specific antidopaminergic activity (through their ability to specifically block D 2 and/or D 3 receptors), have also been shown to be useful to treat adult-onset OCD when used in combination with an SSRI, as shown in a metaanalysis of multiple randomized placebo-controlled trials (60, 61) . The neuroleptics are especially beneficial when OCD is associated with comorbid tic disorders or if the adult patients have poor insight into the irrationality of their obsessions (62) (63) (64) (65) . Research on the efficacy of neuroleptics as agents that augment treatment response for childhood-onset OCD is limited, but benefits for children with comorbid OCD and tic disorders has been demonstrated (2).
Riluzole, a glutamate antagonist, has shown possible benefit in some open-label trials in adults with OCD (66) . A small open-label trial in children with OCD resistant to treatment with CBT and SSRIs found riluzole to be beneficial for 4 of 6 participants (67). A placebocontrolled trial of the drug in children with OCD is currently underway at the NIMH (http://clinicaltrials.gov; trial no. NCT00251303).
Pathophysiology
Many of the treatments for childhood-onset OCD, in particular the pharmacotherapies, have numerous side effects, some of which can be severe. If we are to develop more targeted therapies with fewer side effects, it is important that we learn more about the pathophysiology of the disorder. This information might also help clinicians predict the response of a patient to different treatments and monitor their progress, as well as facilitate the development of effective prevention strategies.
Basal ganglia dysfunction. The basal ganglia are a group of nuclei (caudate, putamen, globus pallidus interna [GPi], globus pallidus externa [GPe], substantia nigra, and subthalamic nucleus) in the brain that are interconnected with the cerebral cortex, thalamus, and brainstem and that are associated with functions such as motor control, cognition, emotions, and learning. The first identification of OCD resulting from basal ganglia dysfunction came from Constantin von Economo's 1931 treatise on postencephalitic Parkinson disease, which described patients who experienced destruction of the basal ganglia as a result of severe influenza infections (68) . Von Economo noted the "compulsory nature" of the motor tics and ritual-like behaviors and described his patients as "having to" act, while "not wanting to," which is similar to current descriptions of individuals with OCD. Research in the last two decades has shown that OCD may be associated with dysfunction of the cortico-striato-thalamo-cortical circuitry (69) . A postulated model for such dysfunction in individuals with OCD ( Figure 1 ) is that increased glutamatergic signals from the frontal cortex lead to increased excitation in the striatum (composed of the caudate and putamen), which increases inhibitory GABA signal to the GPi and the substantia nigra (pars reticulata) (SNr) (67, 69) . This then decreases the inhibitory output via GABA from the GPi and SNr to the thalamus, resulting in thalamic excitatory glutamatergic output to the frontal cortex. This positive feedback loop could lead to repetitive thoughts (obsessions) and behaviors (compulsions) (67, 69 ). An indirect external loop composed of GPe and subthalamic nucleus is postulated to contribute to a steady state of excitation/inhibition in this model (67, 69) . Two points in the circuit that can lead to the increased glutamatergic signal from the thalamus to the frontal cortex are the GPi/SNr interaction with the thalamus and the interactions between the striatum and GPe (67, 70) . If the GPi/SNr is dysfunctional ( Figure 1A) , it cannot inhibit the thalamus, so the thalamus sends more glutamatergic signal (70) . The relationship between this postulated dysfunction and the positive effects of SSRIs is unknown but might be explained by the numerous areas in which serotonergic neurons modulate activity. Similarly, if the striatum is dysfunctional, it cannot inhibit the GPe ( Figure  1B) , which then increases inhibition on the subthalamic nucleus, resulting in decreased excitation of GPi/SNr and decreased inhibition of the thalamus, so it sends more glutamatergic signals. Evidence supports the hypothesis that the caudate nucleus (part of the striatum) may be the site of this dysfunction (69) . Functional neuroimaging studies in adults who were diagnosed with OCD in childhood provided direct evidence of this, demonstrating alterations in glucose metabolism in the caudate nucleus associated with OCD symptom severity and treatment response (71, 72) . The caudate is densely innervated by serotonin-containing neurons (73) . It is hypothesized to be the primary site of the effects of SSRIs in individuals with OCD and to be responsible for the preferential response of OCD patients to SSRIs (72, 74) . Glutamatergic-serotonin modulation in the caudate nucleus may also be involved (75) . In a functional cortico-striato-thalamo-cortical circuit (Figure 2) , the thalamus receives signals from the GPi/SNr and thus sends fewer excitatory signals to the frontal cortex, decreasing the number of repetitive thoughts and behaviors. A review of the OCD functional brain imaging literature also reveals data suggesting abnormalities in the orbitofrontal cortex (76, 77) , anterior cingulated gyrus, caudate, and thalamus, structures linked by welldescribed neuroanatomic circuits (69, 78) . In addition, individuals with neurological disorders known to be caused by basal ganglia dysfunction, including TS, Sydenham chorea, and Huntington chorea, frequently exhibit obsessive-compulsive symptoms (79) .
Indirect evidence of basal ganglia dysfunction in both adults and children with OCD comes from observations of a decrease in OCD symptoms after psychosurgical lesions that disconnect the basal ganglia from the frontal cortex, as done in an anterior capsulotomy. Anterior capsulotomy has been used as a treatment for intractable OCD since the early 1950s, and in 1997, a supplement published in the Journal of Clinical Psychiatry (80) concluded that for adults with extremely severe and unremitting OCD, neurosurgical treatment to interrupt specific brain circuits that are malfunctioning could be helpful (81) . In an anterior capsulotomy, bilateral basal lesions are made in the anterior limb of the internal capsule in the frontal lobe, interrupting the frontal-cingulate projections, but the surgical target lies within frontal-thalamic white matter between the caudate nucleus and putamen, which are part of the basal ganglia. Many studies have shown that psychosurgeries in adults with OCD substantially reduce obsessions and compulsions that were previously refractory to treatment (81) . In general, psychosurgical procedures are not performed in children; however, Christensen and colleagues reported in 2002 a case of an 18-yearold boy with treatment-refractory OCD (no improvement with behavior or medication therapy) who improved substantially after capsulotomy (81) . He was able to complete high school, and later married. Months after the procedure, he scored a 0 on the Y-BOCS and was on no medication. Despite the effectiveness of the psycho-
Figure 1
Model for the cortico-striato-thalamo-cortical circuit dysfunction in individuals with OCD. This model outlines the hypothesis that the corticostriato-thalamo-cortical circuit is dysfunctional in individuals with OCD. Increased glutamatergic signals from the frontal cortex are hypothesized to increase excitation in the striatum, which increases inhibitory GABA signals to the GPi and SNr. (A) One possibility is that this then decreases the inhibitory output via GABA from the GPi and SNr to the thalamus, resulting in thalamic excitatory glutamatergic output to the frontal cortex. This positive feedback loop leads to repetitive thoughts (obsessions) and behaviors (compulsions). An indirect external loop composed of the GPe and subthalamic nucleus (STN) is postulated to contribute to a steady state of excitation/inhibition in this model. (B) A second possibility is that there is an unknown dysfunction at the striatum and GPe. Decreased inhibition on the GPe leads to increased inhibition of the STN, which decreases its excitation of the GPi/SNr. The GPi/SNr then decreases its inhibitory output on the thalamus, resulting in excitatory output to the frontal cortex (adapted from ref. 67 ).
surgical procedures, it is important to note that this not conclusive evidence of a basal ganglia defect in OCD, since the defect could be anywhere upstream from the site of lesion (81, 82) .
Examination of the brain with MRI using voxel-based morphometry has demonstrated greater orbital frontal gray matter volume in patients with childhood-onset OCD compared with healthy volunteers (83) . Results have been inconclusive among adults, but this could be secondary to treatment effects, since reduction in gray matter has been noted after treatment with neuroleptics and other drugs (83) . MRI studies among drug-naive patients with childhood-onset OCD compared with healthy volunteers have shown smaller globus pallidus volumes and more total gray matter in the anterior cingulate gyrus, a major limbic area contributing to emotions and drive-related behaviors (84) . A smaller globus pallidus could conceivably decrease inhibition on the thalamus, resulting in the increased obsessions and compulsions present in individuals with childhood-onset OCD. More anterior cingulate gray matter in adults and children with OCD could reflect a neurodevelopmental abnormality and suggests new areas for investigation of etiopathogenesis (84) . PET scans have demonstrated hypermetabolism in the cingulate cortex, thalamus, and pallidum/putamen complex in adults who were first diagnosed with OCD in childhood before treatment (85) . After treatment with SSRIs, substantial improvement in obsessive-compulsive symptoms on the Y-BOCS scale was associated with a marked bilateral decrease in metabolism in the whole cingulate cortex. Functional MRI studies have provided additional support for the hypothesis that action-monitoring processes in both the rostral and caudal anterior cingulate cortex are hyperactive in adults with OCD (86) . Similar investigations in children are needed to determine whether the same conclusions can be made in those with childhood-onset OCD. Elucidation of the exact dysfunction in the basal ganglia in childhood-onset OCD should lead to specifically targeted treatments and better symptom control.
Neurotransmitter abnormalities. The hypothesis that abnormalities in serotonin function have a central role in the pathophysiology of both adult- and childhood-onset OCD is based primarily on the observation that serotonergic drugs effectively relieve symptoms of the disorder (87) (88) (89) . Serotonin reuptake inhibitors, including clomipramine and SSRIs, have been the most effective medications in reducing OCD symptoms in children (90) . In addition to blocking serotonin reuptake, the tricyclic antidepressant clomipramine blocks histamine H 2 , cholinergic, and adrenergic receptors and has antidopaminergic properties. The superior efficacy of clomipramine over desipramine - an anticholinergic drug that has antidepressant efficacy similar to that of clomipramine - in reducing OCD symptoms in both children and adults provides further support for hypothesizing a role for serotonin in OCD (45, 87, 88) .
Research is still needed to determine the exact role of serotonin in the pathophysiology of OCD, but it has been demonstrated that the serotonin agonists sumatriptan (91) and meta-chlorophenylpiperazine (m-CPP) (92) (93) (94) can cause an acute exacerbation in OCD symptoms in adults. Due to ethical constraints, similar studies cannot be done in children. In contrast, OCD patients who received pretreatment with metergoline, a serotonin receptor antagonist, before m-CPP administration experienced no significant changes from baseline in OCD or other neuropsychiatric symptoms (94), providing further evidence that serotonin abnormalities have a role in the pathophysiology of OCD. Aberrations in serotonin do not, however, explain the entirety of the complex OCD puzzle.
Dopaminergic dysfunction in individuals with OCD is suggested by reports of obsessive-compulsive symptoms among adult patients with basal ganglia disorders such as TS, Sydenham chorea, and Huntington chorea (discussed above) (79) ; the increase in obsessive-compulsive symptoms following high-dose stimulant administration (95) ; and the utility of dopamine-blocking agents to augment treatment responses (rarely effective as primary therapy) in adults with OCD (49, 96, 97) . A single-case report by Storch and colleagues in 2008 showed a substantial reduction in CY-BOCS scores in a 13-year-old boy following addition of lowdose aripiprazole, an antipsychotic with partial dopamine receptor agonist properties, to SSRI and CBT treatment, and he was eventually weaned off the SSRI (98) . This case report is intriguing, but systematic investigations are required to confirm this effect. It is unclear whether OCD symptoms are exacerbated by an increase in dopamine or a decrease in serotonin inhibition, each of which would lead to an imbalance in dopamine and serotonin concentration that favored dopamine. There is evidence for both. For example, single photon emission computed tomography (SPECT) scans demonstrated enhanced dopamine transporter density in the left caudate and left putamen nuclei in drug-naive subjects with adultonset OCD (99) . In contrast, a primary lack of serotonin results in an inability to inhibit normal dopaminergic activity, leading to the manifestation of obsessions and compulsions (100). The beneficial effects of neuroleptics (dopamine antagonists) in treating children with SSRI-refractory OCD and those with a comorbid tic disorder also support a role for dopamine dysfunction in OCD (60, 65) .
Glutamate (the primary excitatory neurotransmitter in the brain) plays a key role in the functioning of the fronto-striato-thalamo-cortical circuit. A recent report shows that cerebrospinal fluid samples from drug-naive patients with adult-onset OCD had substantially higher glutamate levels than samples taken from healthy
Figure 2
The cortico-striato-thalamo-cortical circuit in a healthy individual. In the normally functioning cortico-striato-thalamo-cortical circuit, glutamatergic signals from the frontal cortex lead to excitation in the striatum, which increases inhibitory GABA signals to the GPi and the SNr. This then decreases the inhibitory output via GABA from the GPi and SNr to the thalamus, resulting in thalamic excitatory glutamatergic output to the frontal cortex. This is a positive feedback loop. An indirect external loop composed of the GPe and subthalamic nucleus (STN) is postulated to contribute to a steady state of excitation/inhibition. The striatum inhibits the GPe, which decreases its inhibition on the STN. The STN is then free to excite the GPi/SNr and therefore inhibit the thalamus (adapted from ref. 67 ).
volunteers (101) . Further evidence is provided by two open-label trials of riluzole, a potent antiglutamatergic agent, which demonstrated benefits for 5 of 13 adult subjects with OCD and 4 of 6 children (61, 66) . The therapeutic effects of riluzole are postulated to result from a reduction in frontal cortical excitatory output to the striatum, which would reduce the striatal inhibition of the globus pallidus and substantia nigra and allow greater inhibition of the thalamus, resulting in less cortical excitation.
Neuroimmune dysfunction. The role of the immune system in the etiology and pathophysiology of OCD is still unclear, but parallels do exist between Sydenham chorea, the neurological manifestation of rheumatic fever, and childhood-onset OCD. Both have evidence of dysfunction of the cortico-striato-thalamo-cortical circuit, particularly in the orbitofrontal-striatal circuit, which is involved in the mediation of emotional responses to biologically significant stimuli (102, 103) . It has been documented that exacerbation of obsessive-compulsive symptoms and tics can be triggered by a variety of infections. Group A β-hemolytic streptococci (GABHS) are the most studied initial autoimmune response-inciting event (discussed below), while others may include viruses (104), mycoplasma pneumonia (105) , and Borrelia burgdorferi (106) . Additionally, more than 70% of children with Sydenham chorea report that they experienced an abrupt onset of repetitive, unwanted thoughts and behaviors 2-4 weeks prior to the onset of the chorea (107) . These psychiatric symptoms wane concomitantly with the neurologic improvements over a few months. A subgroup of patients with childhood-onset OCD has been noted to have a similar symptom course, i.e., the abrupt onset of OCD symptoms and their gradual resolution. Among these children, OCD symptoms began abruptly or worsened substantially following infection with GABHS and were accompanied by comorbid emotional lability, separation anxiety, and attention difficulties (108) . Observations of the unique nature of the symptom onset and progression led to the identification of a subgroup of children with OCD known by the acronym PANDAS - pediatric autoimmune neuropsychiatric disorders associated with streptococcal infections (108) . The PANDAS subgroup of childhood-onset OCD is defined by 5 clinical features: the presence of OCD and/or a tic disorder; prepubertal symptom onset; abrupt onset or exacerbation of symptoms with an episodic (relapsing-remitting) course; temporal association between presence of symptoms and infection with GABHS; and associated neurological abnormalities, including choreiform movements (103) . The PANDAS profile is seen most often among young patients (6.5 ± 3 years for tics and 7.4 ± 2.7 years for OCD) and boys with the disorder outnumber girls 2.6 to 1 (103) .
Psychiatric comorbidities are common among children with PANDAS. These include ADHD (40%), oppositional defiant disorder (40%), depression (36%), dysthymia (12%), sleep anxiety (20%), overanxiousness (28%), and enuresis (20%) (103) . Additional symptoms during OCD exacerbations include choreiform movements (95%), emotional lability (66%), school performance changes (60%), personality changes (54%), bedtime fears (50%), fidgetiness (50%), separation fears (40%), sensory defensiveness (40%), irritability (40%), and impulsivity and distraction (38%) (103) . The choreiform movements are most frequently present during symptom exacerbations and can be used to track the course of a child's illness because they produce secondary deteriorations in handwriting.
The pathogenesis of obsessive-compulsive symptoms in the PANDAS subgroup of childhood-onset OCD is hypothesized to result from basal ganglia dysfunction produced by antibodies cross-reactive between GABHS epitopes and the human caudate (109) . These antibodies are thought to induce calcium/calmodulin-dependent protein kinase II activity, increasing tyrosine hydroxylase activity and thereby dopamine release, which could result in neuropsychiatric symptoms (110) . Systematic investigations suggest that obsessive-compulsive symptoms in the PAN-DAS subgroup of childhood-onset OCD result from a combination of regional and systemic immunological abnormalities (111) . The occurrence of regional autoimmune reactions is suggested by the demonstration that monoclonal antibodies specific for mammalian lysoganglioside and N-acetyl-β-d-glucosamine (GlcNAc) (a dominant epitope of group A streptococci [GAS], including GABHS, carbohydrate) can be derived from the serum of patients with PANDAS (110) . These monoclonal antibodies cross-react with neurons of the caudate, putamen, and globus pallidus (109, 110) . Further, introduction of these antibodies into the basal ganglia of rats produced stereotypies, which are repetitive movements, sounds, or positions (i.e. wood-chip eating, self-gnawing, biting,
Figure 3
Serial T1-weighted brain MRIs of a 14-year-old male patient with severe worsening of OCD symptoms after an infection with GABHS. MRI was performed before and after treatment with plasma exchange. Note the decreased caudate size after treatment (outlined with dotted and solid lines). This provides further support for basal ganglia-mediated dysfunction in OCD and the potential for immunological treatments for PANDAS. Adapted with permission from Oxford University Press (124) .
licking not associated with grooming, repetitive paw-to-mouth movements, vacuous chewing, and head and paw shaking) (112, 113) . Molecular mimicry has been suggested to be responsible for the effects of these antibodies. Several studies have shown the presence of similar cross-reactive antibodies in serum from patients with childhood-onset OCD and/or tic disorders (109, 114, 115 ). An interesting study by Liu and colleagues demonstrated a reduction in stereotypic behaviors in those rats microinfused intrastriatally with TS sera that then underwent transplantation with rat neural stem cells (116) . Future TS research with stem cells holds great potential. Interestingly, serum from acutely ill individuals showed reactivity, while serum from those convalescing and after treatment with plasma exchange did not (117) . Evidence in support of molecular mimicry as a cause of childhood-onset OCD and/or tic disorders comes from demonstrated efficacy of antibiotic prophylaxis against infection with GAS; the beneficial effects of immunomodulatory therapies, such as plasma exchange and intravenous Ig (IVIG); and the identification of neuron-specific antibodies in serum samples taken from acutely ill children.
The use of prophylactic penicillin is based on the hypothesis that if OCD and/or tics are sequelae of infection with GABHS, then preventing such infections should be effective in preventing poststreptococcal exacerbations of OCD and tics. In an 8-month-long placebo-controlled trial of penicillin prophylaxis for 37 children in the PANDAS subgroup of childhood-onset OCD, 35 GABHS infections occurred: 14 during penicillin and 21 during placebo administration (118) . Thus, penicillin was not superior to placebo in preventing infection with GABHS, perhaps because of poor adherence to the two-times-a-day dosing schedule. Given the frequency of GABHS infections in both arms of the trial, it was not surprising that there were no substantial differences in OCD or tic severity. However, depression and anxiety symptoms were alleviated during the penicillin phase, and 15 of 20 parents rated penicillin better "overall" (118) . A subsequent double-blind, parallel-design study of treatment with azithromycin and penicillin has also been completed (119) . All 23 participants received either penicillin or azithromycin for 12 months. Both penicillin and azithromycin were found to be effective in preventing infections with GABHS and subsequent exacerbation of neuropsychiatric symptoms during the year of study observation (119) .
Evidence of systemic immune system involvement in the PAN-DAS subgroup of childhood-onset OCD is provided by the striking improvements in obsessive-compulsive symptoms following immunomodulatory therapies such as therapeutic plasma exchange and IVIG, which is hypothesized to remove the pathogenic cross-reactive antibodies (120) . A controlled trial of plasma exchange versus IVIG versus placebo produced striking results - both plasma exchange and IVIG led to a substantial decrease in OCD severity one month after treatment when compared with placebo (120) . At one-year follow-up, the CY-BOCS ratings were still below baseline for the treatment groups. A single-case study demonstrated decreased symptom severity and reduction in the size of the globus pallidus, caudate, and putamen following plasma exchange treatment for an acute OCD exacerbation (121) . Subsequent MRI studies demonstrated enlargements of the caudate, putamen, and globus pallidus among symptomatic children with PANDAS and subsequent decrease in size after plasma exchange (Figure 3 ), compared with healthy volunteers (120) (121) (122) (123) . Because IVIG and plasma exchange both carry a substantial risk of adverse effects, use of these modalities should be reserved for children with particularly severe symptoms and a clear-cut PANDAS presentation. In general, children in the PANDAS subgroup of childhood-onset OCD can be treated with the same agents as those with idiopathic OCD; i.e., they will respond well to treatment with antiobsessional medications and/or CBT. The PANDAS subgroup of childhood-onset OCD provides a uniquely homogeneous cohort of children in whom further research may elucidate the pathophysiology of their disorder as well as open avenues for research in the pathogenesis of all forms of childhood-onset OCD.
Summary
Childhood-onset OCD is a chronic disabling disorder that warrants more clinical investigations. The exact pathophysiology has yet to be elucidated, but evidence points to dysfunction in the cortico-striato-thalamo-cortical circuitry and the serotonergic system. Current treatments with CBT and SSRIs have shown great efficacy, particularly when used in combination, but further investigations are needed to discover new effective treatments for children who have treatment-resistant OCD. Future research must elucidate the mysteries of both adult- and childhood-onset OCD if new, more effective treatments for these disorders are to be developed. 
